Summary: Aryl hydrocarbon receptor (AhR) activators have been shown to induce members of the cytochrome P450 (P450) 1 family. Here we demonstrate that the AhR activators induce CYP3A4 through human pregnane X receptor (PXR). AhR activators, polycyclic aromatic hydrocarbons (PAHs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) increased CYP3A4 reporter activity and CYP3A4 mRNA expression in HepG2 cells. The CYP3A4 reporter activity was also increased by treatment with cigarette tar. The increased CYP3A4 reporter activity was clearly knocked down by the introduction of human PXR-small interfering RNA, but not by that of human AhR-small interfering RNA. The CYP3A4 reporter activity enhanced by overexpression of human PXR was further increased by treatment with PAHs and TCDD as well as by treatment with rifampicin. These results suggest that PAHs contained in cigarette smoke induce CYP3A4 in human liver.
Introduction
Members of the cytochrome P450 ¤CYP¥ supergene family of monooxygenases play an important role in efficient detoxification, by converting pollutants, plant toxins, carcinogens, and drugs to products that can be excreted in urine or bile.
1,2¥ Human CYP3A4 is of particular significance in this respect because it is involved in the metabolism of approximately two-thirds of clinically relevant drugs. 3¥ A number of compounds, including pesticides, herbal supplements, vitamins, and drugs, activate CYP3A4 gene transcription both in the liver and in the small intestine.
4,5¥ This process of induction constitutes the molecular basis for a number of important drug interactions in patients taking multiple medications.
Pregnane X receptor ¤PXR; NR1I2¥ is the principal regulator of CYP3A4 gene expression and binds as a heterodimer with retinoid X receptor AE ¤RXRAE¥ to regulatory DNA sequences. These sequences include AG¤G/T¥TCA-like direct repeats spaced by 3 bases ¤DR3¥ located at %8 kb upstream from the transcription start point and identified as distal nuclear receptor-binding element 1 ¤dNR1¥ and the everted repeats separated by 6 bases ¤ER6¥ located in the CYP3A4 proximal promoter ¤prER6¥. 6¥ Recently, we identified a distinct PXR response element as an essential distal nuclear receptor-binding element ¤eNR3A4¥ for CYP3A4 induction. 7¥ PXR is activated by a number of structurally and chemically diverse ligands such as various xenobiotics ªrifampicin ¤RIF¥ and clotrimazole«, 8¥ pesticides ¤pyributicarb and endosulfan¥, 9,10¥ natural and synthetic steroids ¤dexamethasone¥, 8¥ bile acids ¤lithocholic acid¥ 11¥ and herbal medicines ¤St. Johnös wort, Ginkgo biloba, and Sophora flavescens¥.
12®14¥ As a result, CYP3A4 induction by these PXR activators leads to the accelerated metabolism of the drugs themselves and the efficacy of concomitant drugs is decreased. Interestingly, there are significant species differences in the activation by PXR ligands between humans and rodents. 15¥ Drugs such as RIF and clotrimazole activate human PXR but are weak activators of rodent PXR. In contrast, dexamethasone and pregnenolone 16AE-carbonitrile activate rodent PXR but are weak activators of human PXR.
Cigarette smoke contains thousands of chemical compounds including a number of carcinogenic polycyclic aromatic hydrocarbons ¤PAHs¥ and is known to affect drug therapy in both pharmacokinetic and pharmacodynamic events.
16,17¥ PAHs induce CYP1A1 and CYP1A2, which mediate the rate-limiting step in the metabolism of many drugs, including theophylline and clozapine, as well as in the bioactivation of procarcinogens. These P450 inductions are also expected to cause drug interaction in this respect. In fact, it was reported that cigarette smoking reduced the therapeutic efficacy of theopylline. 18¥ The molecular mechanisms by which PAHs or 2,3,7,8-tetrachlorodibenzo-pdioxin ¤TCDD¥ transcriptionally activates the CYP1A1 and CYP1A2 genes involve the binding of the ligand to aryl hydrocarbon receptor ¤AhR¥.
19¥
Diazepam ¤DZ¥ is a drug that relieves anxiety and controls agitation; it has long been controversial whether cigarette smoking reduces its therapeutic efficacy. Norman et al. reported that cigarette smoking strongly decreased the elimination half-life and AUC of DZ, but Klots et al. reported no effect.
20,21¥ DZ is mainly metabolized to 3-hydroxydiazepam and N-desmethyldiazepam by CYP3A4 and CYP2C19, respectively. However, there have been no reports about the induction of CYP3A4 and/or CYP2C19 by AhR activators, PAHs or TCDD. Recently, we found a novel event in CYP3A4 induction by AhR activators.
In the present study, we investigated the effect of the AhR activators on transcriptional activation of the CYP3A4 gene and clearly demonstrated that the AhR activators induced CYP3A4 through PXR pathways in HepG2 cells.
Materials and Methods
Materials: 3-Methylcholanthrene ¤3-MC¥ and RIF were purchased from Sigma-Aldrich ¤St. Louis, MO¥. Benzoªa«-pyrene ¤Bªa«P¥ was purchased from Tokyo Chemical Industry Co., Ltd. ¤Tokyo, Japan¥. TCDD was purchased from Wako Pure Chemicals ¤Osaka, Japan¥. Tar was provided from Japan Tobacco Inc. ¤Tokyo, Japan¥. The chemicals used for this study were dissolved in dimethylsulfoxide ¤DMSO¥. All other reagents used were of the highest quality available. Dulbeccoös modified Eagleös medium ¤DMEM¥ and fetal bovine serum were obtained from Wako Pure Chemical Industries, Ltd. ¤Osaka, Japan¥ and Hyclone Laboratories ¤Logan, UT¥. MEM Non-Essential Amino Acids and Antibiotic-Antimycotic were purchased from Invitrogen ¤Paisley, UK¥.
Cell culture: HepG2 human hepatoma cells and Huh7 human hepatoma cells were obtained from American Type Culture Collection ¤Manassas, VA¥. LS174T human colon adenocarcinoma cells were obtained from the Institute of Development, Aging, and Cancer, Tohoku University ¤Sendai, Japan¥. HepG2-derived cell lines stably expressing the CYP3A4-luciferase reporter gene, 3-1-20 cells, were as reported previously. 22¥ These cells were cultured in DMEM supplemented with 10% fetal bovine serum, MEM Non-Essential Amino Acids, and Antibiotic-Antimycotic. The cells were seeded at the appropriate cell density for each experimental condition. The next day, the cell medium was exchanged for the medium containing chemicals ¤0.1% DMSO¥ and cultured for 48 h. Adenovirus infection and small interfering RNA ¤siRNA¥ transfection were carried out as described previously.
23¥
Construction of recombinant adenovirus: Construction of the CYP3A4 gene reporter adenovirus ¤AdCYP3A4-362-7.7k¥ and human PXR-expressing adenovirus ¤AdhPXR¥ was performed previously. 9¥ Control adenovirus, Ç-galactosidase-expressing adenovirus ¤AdCont; AxCALacZ¥, was provided by Dr. Izumi Saito ¤Tokyo University, Tokyo, Japan¥. The titer of adenoviruses, 50% titer culture infectious dose ¤TCID50¥, was determined as reported previously. 9¥ Multiplicity of infection ¤MOI¥ was calculated by dividing the TCID 50 by the number of cells.
Small interfering RNA-mediated protein knockdown: Double-stranded siRNAs ¤25-mer¥ targeting human AhR ¤hAhR¥, human PXR ¤hPXR¥, and control siRNA were obtained from Invitrogen ¤Carlsbad, CA¥. The corresponding target mRNA sequences for the siRNAs were as follows: hAhR-siRNA, 5$-uuaagucggucucuaugccgcuugg-3$; hPXR-siRNA, 5$-uuucaucugagcguccaucagcucc-3$; control siRNA 5$-uagucauugcacacugcacaguagc-3$. Cells were transfected with each siRNA using Lipofectamine RNAiMAX ¤Invitrogen¥ according to the manufacturerös instructions.
Luciferase gene reporter assay: The cells were washed with Dulbeccoös phosphate buffered saline ¤D-PBS¥ obtained from Wako Pure Chemical Industries, Ltd. ¤Osaka, Japan¥ and suspended in Passive Lysis Buffer from Promega ¤Madison, WI¥ in a microcentrifuge tube. The cell suspension was centrifuged at 12,000 ' g for 5 min at 4ôC, and the cell extract was used for luciferase assay. Luciferase assay was performed according to the manufacturerös instructions using the Luciferase Assay System and GloMax 96 Microplate Luminometer ¤Promega¥. Resulting data are presented as ratio of luminescence of treated cell samples to that of control. Luminescence of each sample was normalized by its protein concentration determined with the Protein Assay Kit from Bio-Rad Laboratories ¤Hercules, CA¥.
RNA isolation and quantitative real-time polymerase chain reaction analysis:
Total RNA was isolated from 3-1-20 cells using TRI Reagent ¤Molecular Research Center, Inc., Cincinnati, OH¥ according to the manufacturerös protocol. cDNA was prepared from 0.5 µg of total RNA with MMLV reverse transcriptase ¤Promega¥ using oligo ¤dT¥ primer ¤Greiner Japan, Tokyo, Japan¥ and porcine RNase inhibitor ¤Takara Bio, Shiga, Japan¥. Quantitative real-time polymerase chain reaction ¤PCR¥ was performed using Permix Ex Taq ¤Perfect Real Time, Takara Bio¥ in a Thermal Cycler Dice Real Time System ¤Takara Bio¥. All samples were quantified using a comparative Ct method for relative quantification of gene expression, normalized to glyceraldehyde-3-phosphate dehydrogenase ¤GAPDH¥. The sequences of primers are shown in Table 1 .
Statistical analysis: Data were evaluated by the paired Studentös t-test. When the p value was less than 0.05, the difference was considered to be significant.
Results
Transcriptional activation of the CYP3A4 reporter gene by tar: We investigated whether tar as a major component of cigarette smoke activates the CYP3A4 transcription using HepG2-derived cells stably expressing the CYP3A4 gene reporter ¤3-1-20 cells¥ as reported previously. 22¥ The cells were treated with 1 to 200 µg/ml tar for 48 h and reporter activities were determined. As shown in Figure 1 , tar increased CYP3A4 gene reporter activity in a dose-dependent manner. In contrast, nicotine, which is one of the major components of cigarette smoke, had no effect ¤data not shown¥.
Transcriptional activation of the CYP3A4 reporter gene by PAHs:
Tar, a by-product of the gasification process, is a complex mixture consisting of a wide range of different compounds in which PAH is one of the major compounds. 24¥ Therefore, we examined the effect of typical PAHs and TCDD on CYP3A4 reporter activity, which are known as ligands for AhR. RIF was used as a positive control. 3-1-20 cells were treated with RIF ¤10 µM¥, 3-MC ¤1 µM¥, Bªa«P ¤1 µM¥, and TCDD ¤10 nM¥ for 48 h. As shown in Figure 2 , RIF, 3-MC, Bªa«P, and TCDD increased CYP3A4 reporter activity by 18.6 + 2.5-fold, 13.6 + 0.8-fold, 5.57 + 0.8-fold, and 6.3 + 0.8-fold, respectively. Furthermore, we investigated the effect of PAHs on endogenous CYP3A4 mRNA expression in 3-1-20 cells. As a result, all chemicals used in this study increased CYP3A4 mRNA expression ¤Fig. 3A¥. The CYP3A4 mRNA expressions of 3-MC and Bªa«P were higher than that of RIF. On the other hand, CYP3A4 mRNA expression induced by TCDD was equivalent to that by RIF. In addition, 3-MC, Bªa«P, and TCDD strongly increased endogenous CYP1A1 mRNA expression, whereas RIF had no effect ¤Fig. 3B¥. In particular, 3-MC and TCDD increased CYP1A1 mRNA expression by 365.7 + 39.3-fold and 378.3 + 37.0-fold, respectively. These results suggest that PAHs induce CYP3A4 expression in 3-1-20 cells. In addition, these compounds also increased CYP3A4 mRNA expression in HepG2 cells ¤data not shown¥.
Effects of PXR and AhR on activation of CYP3A4 reporter gene by PAHs: PXR is widely known as a major transcription factor mediating CYP3A4 induction, whereas AhR is well known as a transcription factor mediating CYP1A1 induction by PAHs. Therefore, to clarify whether PXR or AhR mediates the CYP3A4 activation by PAHs, we utilized knockdown of PXR or AhR using hPXRsiRNA or hAhR-siRNA and overexpression of PXR using AdhPXR, hPXR-expressing adenovirus. CYP3A4 reporter activities induced by 3-MC, Bªa«P, and TCDD were significantly decreased by the introduction of hPXR-siRNA ¤Fig. 4A¥. In contrast, knockdown of the AhR using hAhR-siRNA did not affect the CYP3A4 reporter activity induced by 3-MC or Bªa«P, whereas CYP3A4 reporter activities induced by TCDD were slightly decreased by the introduction of hAhR-siRNA ¤Fig. 4B¥. Then, we examined the effect of overexpression of PXR using AdhPXR on CYP3A4 reporter activity induced by PAHs in 3-1-20 cells. As shown in Figure 5 , we found that the CYP3A4 reporter activation treated with 3-MC, Bªa«P, and TCDD as well as RIF was increased by the introduction of AdhPXR in 3-1-20 cells.
Effect of PAHs on CYP3A4 reporter activity in Huh7 cells and LS174T cells: Next, we investigated whether the PAHs induce CYP3A4 reporter activity in different cell lines. Huh7 cells and LS174T cells were used, which are in vitro models of hepatic and intestinal cells, respectively. As shown in Figure 6 , the CYP3A4 reporter activation upon treatment with 3-MC, Bªa«P, and TCDD as well as RIF was increased by the introduction of AdhPXR in Huh7 cells. On the other hand, RIF increased CYP3A4 reporter activity, whereas 3-MC, Bªa«P, and TCDD had no effect on the activity in LS174T cells.
Discussion
In this study, we investigated the effect of PAHs on transactivation of the CYP3A4 gene using 3-1-20 cells. 3-MC and Bªa«P, which are typical PAHs, activated the CYP3A4 reporter gene ¤Fig. 2¥. The expression of endogenous CYP3A4 mRNA was also induced by PAHs in 3-1-20 cells ¤Fig. 3¥. These results indicate that PAHs are potent inducers of CYP3A4. However, the CYP3A4 induction profiles by RIF and PAHs were different between CYP3A4 reporter activity and CYP3A4 mRNA expression level. It is reported that the distal promoter region, from %7836 nt to %7200 nt, and the proximal promoter region, from %362 nt to ¦11 nt, of the CYP3A4 gene play important roles for CYP3A4 induction.
25¥
Recently, Matsumura et al. discovered that a novel enhancer region from %11.4 to %10.5 kb, designated the constitutive liver enhancer module of CYP3A4 ¤CLEM4¥, is involved in the constitutive activation of the CYP3A4 gene in HepG2 cells. 26¥ Furthermore, Liu et al. identified a functional nuclear receptor responsive element ¤F-ER6 at %11368 to %11351¥ in Huh7 cells. 27¥ Taking these reports together, for intrinsic CYP3A4 induction, all these cis-elements might be required in human liver. However, the cell line 3-1-20 was established by Noracharttiyapot et al. by insertion of the luciferase reporter plasmid, pGL3-CYP3A4-362-7.7k, which includes both %7836 to %7200 of the distal promoter region and %362 to ¦11 of the proximal promoter region of the CYP3A4 gene, the elements reported to be necessary for high response to RIF, into HepG2 cell chromosome. 22¥ Therefore, the differences of these CYP3A4 activation patterns by RIF and PAHs might be attributable to other enhancer regions not included in pGL3-CYP3A4-362-7.7k. In addition, CYP1A1 plays critical roles in the metabolism of PAHs. 28¥ Thus, 3-MC and Bªa«P were initially metabolized by CYP1A1 induced through AhR activation in this culture condition. Subsequently, the metabolites of 3-MC and Bªa«P might cause CYP3A4 induction. On the other hand, the induction profile was different among AhR ligands. Although CYP3A4 induction potency is similar between 3-MC and Bªa«P, the CYP1A1 induction potency of Bªa«P was far lower than that of 3-MC. This result may suggest that AhR is not directly involved in the CYP3A4 gene activation by 3-MC and Bªa«P.
CYP3A4 induction by xenobiotics and hormones is mediated by PXR, 29®31¥ constitutive androstane receptor ¤CAR, NR1I3¥, 32¥ vitamin D receptor ¤VDR, NR1I1¥, 33¥ and glucocorticoid receptor-AE ¤GRAE, NR3C1¥ 34¥ in the liver. In particular, chemical-induced activation of the CYP3A4 gene is mainly mediated by PXR through binding to the CYP3A4 5$-flanking region, 29,31,35¥ whereas PAHs cause transactivation of CYP1A1 and 1A2 genes via AhR.
19¥ Therefore, we knocked down hPXR expression using hPXR-siRNA. When hPXR-siRNA was introduced into the 3-1-20 cells, the activation of the CYP3A4 reporter gene by PAHs as well as RIF was significantly decreased ¤Fig. 4A¥, whereas the knockdown of AhR by hAhR-siRNA had no effect on the activation of the CYP3A4 reporter gene by RIF and PAHs ¤Fig. 4B¥. The same results were observed when hPXR- siRNA was introduced by adenovirus ¤data not shown¥. Furthermore, the overexpression of PXR using AdhPXR increased CYP3A4 reporter activity by PAHs as well as RIF in an infection dose-dependent manner ¤Fig. 5¥. Therefore, these results strongly suggest that 3-MC and Bªa«P enhance the transactivation of the CYP3A4 gene through PXR activation but not through AhR activation. On the other hand, knockdown of AhR by hAhR-siRNA decreased the CYP3A4 reporter activity by TCDD ¤Fig. 4¥. This reason for this is unclear. The CYP3A4 gene might be transactivated partially by TCDD through the AhR pathway owing to its strong AhR activation potency. Further studies are needed to resolve this issue.
It is known that the drug-induced expression of the CYP3A4 gene in the liver is predominantly regulated through PXR. 36¥ In contrast, VDR controls the CYP3A4 transactivation with the secondary bile acid, lithocholic acid ¤LCA¥, in the intestine.
37,38¥ In addition, recently, a novel PXR functional cis-acting PXR-binding element designated eNR3A4 has been discovered to be an essential element for RIF-inducible CYP3A4 transactivation in human liver. 7¥ This element is located approximately 7.6 kb upstream from the transcription initiation site of the CYP3A4 gene, to which hPXR binds as a heterodimer with human RXRAE. Furthermore, Pavek et al. reported that eNR3A4 has negligible or no effect on CYP3A4 transactivation through VDR. 39¥ Thus, these findings indicate that eNR3A4 is a key regulatory element for the xenobiotic induction of CYP3A4 through hPXR in the liver. In this study, we show that PAHs increased CYP3A4 reporter activity in PXR-overexpressing hepatoma cells, whereas this phenomenon was not observed in PXR-overexpressing intestinal cells ¤Fig. 6¥. These results indicate that eNR3A4 might have been involved in the activation of the CYP3A4 gene through hPXR by PAHs in the liver. Since the difference of the HepG2 cells and the LS174T cells in an induction mechanism of the CYP3A4 gene by PAHs is unknown, further analysis is still in progress.
Numerous studies of induction by treatment with PAHs have been carried out to date. PAHs as well as TCDD have been believed to strongly induce CYP1A1 and CYP1A2 through the AhR pathway. However, there are no data about CYP3A induction by them in experimental animals. Recently, it was reported that 3-MC induces CYP3A4 in HepG2 cells. 40¥ In addition, when the reporter assay was measured in pGL3-CYP3A4-362-7.7k-transformed rat hepatoma Reuber H35 cells, PAHs and TCDD did not increase the reporter activity ¤data not shown¥. Together with these results, it is suggested that PAHs and TCDD activate human PXR, but not rat or mouse PXRs. Further studies are needed to clarify this issue.
In conclusion, we have demonstrated that PAHs activate CYP3A4 gene transcription through the activation of hPXR in HepG2 cells. Thus, PAHs may contribute to CYP3A4 induction in human liver. More detailed study on the molecular mechanism behind the CYP3A4 induction by PAHs may provide important information on the drug-drug interaction.
